Six subjects underwent PET 
Introduction
Neuropsychological evidence indicates that episodic memory-the conscious recollection of past events-depends upon an extensive network of brain structures, including regions of the medial temporal lobe, the diencephalon and the prefrontal cortex (Mayes, 1988) . Whereas lesions to the first two of these structures lead to impaired performance on all memory tests tapping episodic memory, studies of the effects of frontal lobe lesions suggest that the contribution of the prefrontal cortex is more task-dependent. Patients with prefrontal lesions show normal, or only mildly impaired, performance on tests such as recognition memory and cued recall (Janowsky et al., 1989; Swick and Knight, 1996) . They are more severely impaired on tests of memory for temporal order, or for contextual details of a study episode (Shimamura and Squire, 1987; Janowsky et al., 1989; McAndrews and Milner, 1991; Milner et al., 1991; Kesner et al., 1994 ; for a review see Stuss et al., 1994) . One characterization of this pattern of deficits is that, among its other mnemonic functions, © Oxford University Press 1996 the prefrontal cortex is necessary for the integration of retrieved information about a specific test item with information about the context in which it was experienced (Squire et al., 1993) .
Recent functional neuroimaging experiments using PET to measure rCBF also suggest that the prefrontal cortex plays an important role in memory retrieval. In contrast to lesion studies, however, the PET studies suggest that the frontal lobes are engaged in a wide range of memory tasks, including tasks that do not require retrieved information to be discriminated on the basis of contextual attributes. These studies [for reviews see Buckner and Tulving (1995) and McCarthy (1995) ] have consistently found that the performance of tasks that require information to be retrieved explicitly from memory is accompanied by activation of dorsolateral prefrontal cortex (BA 9/46), and that this activation is markedly stronger in the right hemisphere. Relative to a variety of different control conditions, this pattern of results has been found in tasks as diverse as wordstem cued recall Schacter et al, 1996) , recognition memory for sentences and single words (Tulving etai, 1994; Kapur et al, 1995) , retrieval of paired associates (Fletcher et al, 1995) and forced-choice recognition memory for faces (Grady et al, 1995) .
In view of the consistency with which prefrontal activation has been found in episodic retrieval tasks, the question of its functional significance is of considerable interest. In this regard it is noteworthy that with few exceptions (discussed below), the above-mentioned studies employed experimental designs that did not separate the effects of retrieval effort from those of retrieval success. Retrieval effort refers to processes engaged by an attempt to retrieve information from memory in response to a retrieval cue, such as a test word in a recognition memory task. Retrieval success refers to processes that are selectively engaged when a retrieval attempt is successful. In standard tests of memory retrieval, these two sets of processes are confounded, hence the ambiguity surrounding the interpretation of the findings from most of the aforementioned studies with PET.
Three previous studies, all from the same research group, have specifically addressed the question of whether rCBF in the prefrontal cortex is sensitive to retrieval success. Tulving et al (1994) contrasted two tests of recognition memory for auditorily presented sentences. In one condition, all of the sentences presented during the scanning epoch were old, while in the other condition they were all new. The subtraction of the latter condition from the former revealed extensive right prefrontal activation, consistent with the idea that such activation is associated with retrieval success. Interpretation of this finding is, however, complicated by the fact that subjects were informed in advance whether there would be a high or a low density of old items in the test list (raising the possibility that they adopted different retrieval strategies in the two tasks), and because the task was to count the occurrence of the more infrequent sentence type (confounding type of list with the class of item designated as 'targets'). In a second study by the same group , subjects first performed a semantic classification task, and then performed two tests of recognition memory; in both tasks the old items were drawn from those presented in the classification task. The proportion of old and new words was 15:85 in one of the test lists and 85:15 in the other. When compared with the initial classification task, prefrontal activation was observed in the condition in which only 15% of items were old, but no additional activation was observed when 85% of the test words were old. Kapur et al. (1995) concluded that activation of prefrontal cortex is associated with retrieval effort, rather than with retrieval success.
A final study by the Toronto group (Nyberg et al, 1995) measured rCBF during the performance of two recognition memory tasks in which all items were old, as well as during a recognition task in which the items were all new and during a silent reading control task. When compared with the control task, rCBF in the right dorsolateral prefrontal cortex was elevated in each of the memory tasks. Little additional activation was found, however, when the all-new recognition task was compared with the all-old tasks. Nyberg et al. (1995) therefore concluded that right prefrontal activation was associated solely with the adoption of a 'retrieval mode', and not with operations carried out on the products of successful retrieval. This conclusion may be premature, however, as subjects' memory performance in this study was very poor. The miss rate in the recognition tasks containing the critical sequences of all-old items was 42% in one of the tasks and 70% in the other, while the false positive rate in the 'all new' condition was 17%. It is therefore arguable that the study lacked the power to detect rCBF differences between the different recognition tasks.
The present study also addresses the question of whether activation of prefrontal cortex in recognition memory tasks varies according to whether test items elicit successful memory retrieval. The study utilizes a design similar to that of Kapur et al. (1995) but with the following differences, (i) Manipulation of the proportions of old and new test items was confined to a short sequence embedded within a longer list, so as to minimize the probability that subjects would adopt condition-specific retrieval or decision strategies, (ii) In addition to critical sequences containing high and low densities of old items, a sequence in which no old items occurred at all was employed, (iii) A non-memory control task was employed, in which the relative probability of 'target' and 'non-target' items (henceforth, 'target density') was manipulated in a manner analogous to that employed for the memory task. The importance of this control condition lies in the fact that it is well established from studies with event-related potentials (ERPs) that the neural activity elicited even by very simple stimuli, such as tones or single visual characters, varies according to their probability and target status (Coles and Rugg, 1995) . Because of this, any changes in rCBF associated with the manipulation of target density in the memory task could not be unambiguously attributed to mnemonic factors; they might merely reflect brain activity sensitive to the relative probabilities with which target and non-target stimuli appear in a sequence. The employment of the control task obviates this problem, by allowing the effects of changes in target density in the recognition memory task that are specific to changes in the probability of retrieval success to be separated from other, non-specific effects.
Methods

Subjects
Six healthy, right-handed young adult male subjects took part in the study, which had received approval from the local hospital ethics committee. All subjects gave informed, written consent and were fit, healthy and free of any significant previous or current medical or neurological illness. The study involved the administration of 7.2 mSv effective dose equivalent per subject, and was approved by the Administration of Radioactive Substances Advisory Committee of the Department of Health of the UK.
PET scanning
Scans were obtained using a CTI model 953B PET Scanner (CTI/Siemens, Knoxville, Tenn., USA) with collimating septa retracted. For each scan, subjects received a 20 s intravenous bolus of H 2 I5 O through a forearm cannula at a concentration of 55 MBq ml" 1 and a flow rate of 10 ml min~'. With this method, each scan provides an image of rCBF integrated over a period of 90 s from when the tracer first enters die cerebral circulation. The first 30 s of this period is concurrent with the rise of radioactivity in the head, and forms the window in which the experimental manipulation modifies the distribution of CBF (Silbersweig et ai, 1993) .
Data analysis
The PET scans from each subject were realigned using the first scan as a reference. The six parameters of this rigid body transformation were estimated using a least squares approach (Woods et ai, 1992) . Following realignment, all images were transformed into a standard space (Talairach and Tournoux, 1988) by matching each scan to a reference template image that already conformed to the space (Friston et ai, 1989) . As a final pre-processing step, the images were smoothed using an isotropic Gaussian kernel. Condition, subject and covariate effects were estimated for each voxel according to the general linear model, as implemented by the method of statistical parametric mapping (SPM 95, Wellcome Department of Cognitive Neurology, London, UK). The specific contrasts employed to analyse the data from the present experiment are described in the results section below.
Stimuli and experimental design
Memory items were selected from a pool of 500 four-to nineletter English words, with a mean frequency of occurrence (Kucera and Francis, 1967) of ~50 per million. Six study lists were contructed, each containing a different set of 31 items. For each study list, a set of three corresponding test lists was formed. These lists were each of 50 items, and contained different ratios of study and new words. For all three lists of each test set, the first 20 and the last 10 items consisted of equal numbers of study and new words, randomly ordered. The critical intervening series of 20 items varied across die three lists, and consisted of (i) all new words (zero target condition), (ii) a random ordering of four study and 16 new words (low target density condition) and (iii) a random ordering of 16 study and four new words (high target density condition). No words repeated across the six sets of study/test lists, and each set of test lists employed a different ordering of old and new items.
The items in the control task consisted of the character strings XXX and OOO. Six sets of lists were constructed using these items. Each set corresponded to one of the six sets of test lists employed for the memory task, the XXX string substituting for each new word and the OOO string replacing each study word. Thus, each memory test list had an exactly corresponding control list. Each subject performed six memory tasks and six control tasks in the course of the study, two scans being conducted at each of the three target/non-target ratios. The tasks were adminstered in an ABCDEFFEDCBA design, three subjects beginning with a memory task and three with a control task. For the memory tasks, each run employed a study list, and a corresponding test list, from a different study-test set. Likewise, for the control task, each run employed a list selected from a different set. For both tasks, the ordering of the conditions (zero, low and high target density) and the mapping of conditions to lists were different for every subject.
Procedure
After installation in the scanner, subjects were informed of the requirements for each task and were given practice runs with lists additional to those employed in the experiment proper. They were not informed that the relative proportions of targets and non-targets would vary across lists. As explained below and illustrated in Fig. 1 , the presentation of the memory test and the control lists was co-ordinated with the onset of the scanning interval to ensure that the rCBF was measured only within the 50 s interval in which the target/non-target ratio varied (between the 20th and the 39th item of each list).
Memory task
The first item of the relevant study list was presented 5 min before the beginning of each scan. Presentation was selfpaced thereafter, and subjects were required to incorporate each word into a short spoken sentence before moving on to the next item. The words were presented visually for 1 s on a Macintosh LCII monitor suspended on a cradle 45 cm from the subject. The interval between completion of the study task and the onset of the test list was filled to prevent rehearsal by the requirement to count back aloud in threes from an arbitrary four figure number. Presentation of the corresponding test list began 50 s before scanning commenced. The items were presented on the same monitor as that employed for the study task for a duration of 1 s and with a stimulus onset asychrony of 2.5 s. Subjects were required to give a prompt verbal response following the onset of each item, 'no' whenever they saw a new (non-target) item and 'yes' when they detected an old (target) word.
Control task
The control stimuli were presented in the same manner as the memory test items, and with the same presentation parameters (see Fig. 1 ). Subjects were required to respond verbally to each item, 'No' whenever the XXX string appeared ('non-target') and 'Yes' to each 'OOO' string ('target').
Results
Performance data
Performance in the memory task, as measured by the discrimination index phit-pFalse alarm did not differ significantly across the three target density conditions (values of 0.72, 0.77 and 0.66 for the zero, low and high density conditions, respectively). The false positive rate averaged over the critical sections of the two zero-target-density sequences, when no old words were presented, was 6%. Performance was at or near ceiling in all three conditions of the control task.
PET data Analysis strategy
The principal questions addressed by this study are (i) whether the cerebral regions that are activated differentially by the memory and control tasks include regions identified in previous PET studies as memory-sensitive and (ii) whether rCBF in these regions increases as the density of memory targets increases. To address the first question, areas sensitive to the task manipulation were identified in an initial analysis in which all scans obtained in the control tasks were contrasted with all of those obtained during the memory tests (irrespective of target density in both cases). This contrast identified the regions associated with the different processing demands of the two tasks while eliminating any contribution of the differing response requirements associated with variation in target density.
The regions in which this contrast gave rise to significant increases in rCBF in the memory task relative to the control task are illustrated in Fig. 2 . The activated regions include several that have been previously reported to be engaged by memory tasks, including the right prefrontal cortex and the pre-cuneus/cuneus. The contrasts also revealed activation of inferior occipital regions, regions likely to be sensitive to the very different perceptual demands of the two tasks (reading versus simple pattern recognition). The areas identified by the foregoing contrast were employed as a 'mask' with which to constrain subsequent hypothesis-driven contrasts that tested whether rCBF and target density covaried in the memory task. This approach combines the outcomes of two orthogonal sets of contrasts (the masking contrasts and the contrast(s) of experimental interest) to yield a statistical parametric map in which the statistical significance represents the joint probability of a type I error for the two sets of contrasts. The procedure provides an hypothesis-driven alternative to methods that control type I error with respect to an entire population of voxels (Friston et al., 1991) . In the present case, the masking and experimental contrasts were each thresholded at P < 0.05, and regions containing voxels in which rCBF increases occurred at a conjoint significance level of P < 0.0005 were considered to have been reliably activated. Using this procedure, the following contrasts of experimental interest were performed:
(1) Effects of increasing target density in the memory task. This comparison tested for a positive relationship between rCBF and the density of recognition memory targets during the scanning period. This was achieved by an orthogonal contrast of the zero, low and high density The .v, y and z coordinates are those of the Talairach and Toumoux (1988) system. conditions, with weights for the three conditions of-1, 0.25 and 0.75, respectively. As can be seen in Table 1 , rCBF increased reliably as a function of increasing target density in the dorsolateral perfrontal cortex, bilateral frontopolar cortex, right medial frontal cortex and medial posterior cortex in the vicinity of the cuneus/pre-cuneus.
(2) Target effects specific to the memory task. This comparison was a replication of (1) above, but with the effects of increasing target density in the control task included as a covariate. This set of contrasts removes any covariance between rCBF and target density that is common to the two tasks, allowing the identification of target-related changes in rCBF that are specific to the memory task. As shown in Fig. 3 and Table 1 , this comparison, as with its predecessor, indicated that rCBF covaried with increasing memory target density in an extensive region of the right dorsolateral prefrontal cortex, as well as in right medial frontal cortex and in frontopolar cortex bilaterally.
In light of the finding that rCBF is sensitive to the density of memory targets, pairwise contrasts were conducted to determine the pattern of differences between the three conditions. As with the foregoing global contrast, these pairwise comparisons used the relevant control conditions as covariates to remove density effects common to both tasks. The outcomes of these contrasts are illustrated in Fig. 4 , where it can be seen that the contrasts between the low and zero target density conditions (Fig. 4A ) and the high and zero target density conditions (Fig. 4B ) each revealed activation of the same prefrontal regions that were identified in the global analysis. In the high minus low density comparison, no rCBF differences were evident in these prefrontal regions at the P < 0.0005 significance level, the only region to show any effect being a small area in the vicinity of the right parietooccipital sulcus (BA 23/31). When, however, the criterion for significance was reduced to P < 0.001, the high minus low density contrast revealed an additional region of increased rCBF, which was localized to the anterior part of the right inferior frontal gyrus (BA 10/46). This effect can be seen in Fig. 4C .
Unmasked contrasts to detect rCBF decreases
These comparisons tested for evidence of an inverse relationship between rCBF and target density. As they were not motivated by the pre-experimental hypothesis, the comparisons were performed unmasked. The significance level for these comparisons was set at P < 0.05 after correction for multiple non-independent comparisons (Friston et al, 1991) .
For the memory task, significant rCBF reductions were found in two regions: the left posterior cingulate cortex (peak at x, y, z = -16,-18,40; BA 24/31; Z = 4.92, P(corrected) < 0.005) and the right ventral occipitotemporal cortex (peak at x, y, i = 26,-54,^; BA 19/37; Z = 4.38, P(corrected) < 0.025). These effects are illustrated in Fig. 5 . The analogous contrast for the control task revealed no significant effects.
Discussion
When compared with the zero target condition, test sequences containing memory targets gave rise to reliable rCBF increases in bilateral frontopolar, right dorsolateral and right medial prefrontal cortex. The pattern of findings was unchanged when the data from the control task were employed to covary out the effects of varying the probability of target detection and responding. Thus, these findings further strengthen the link between activation of right dorsolateral prefrontal cortex and episodic memory retrieval. It should be noted, however, that prefrontal activation was not confined to the right hemisphere. In keeping with the findings of Kapur et al. (1995) for recognition memory, and of for cued recall, the frontopolar cortex (the anterior part of area 10) was activated bilaterally.
The pattern of prefrontal activation found in the present study corresponded closely to that described by Kapur et al. (1995) , but the contrasts used here were quite different from those employed in that study. Whereas Kapur et al. (1995) contrasted a recognition memory task with a non-memory control task (semantic classification), the contrasts in the present study were between different conditions of the same task, the only difference between the conditions being the proportion of memory targets in the critical part of the test sequence. Thus the present findings suggest that, during recognition memory, neural activity in the prefrontal cortex varies with whether a test item elicits memory retrieval. The idea that neural activity in the prefrontal cortex varies with successful retrieval is supported by the results of recent ERP studies of source memory (Wilding and Rugg, 1996) and recognition memory (Allan and Rugg, 1996) . In both studies, ERPs elicited by correctly classified test items differed according to whether the items were old or new. At electrode sites overlying the prefrontal cortex, these differences were first seen at -400 ms post-stimulus, were larger over the right than the left hemisphere and persisted until the end of the recording epoch [1400 ms in Wilding and Rugg (1996) ; 1900 ms in Allan and Rugg (1996) ]. These ERP findings converge with the results of the present study to support the view that stimulus-locked neural activity in the prefrontal cortex, especially in the right hemisphere, depends on whether a test item elicits retrieval of information from episodic memory.
The high versus low density contrast
One aspect of the present results complicates their interpretation. Broadly similar patterns of activation were seen when separate comparisons were made between the zero density condition and the conditions containing either a low or a high density of old words. But the comparison of the low and the high density conditions yielded evidence of greater prefrontal activation in the latter condition only when the significance threshold was lowered to P < 0.001, and then in only a restricted region of right prefrontal cortex. This pattern of findings indicates that the relationship between memory target density and prefrontal rCBF was non-linear, with target-related increases in rCBF reaching near asymptotic levels in the low density condition.
One possible explanation for the non-linear relationship between target density and prefrontal rCBF is that the rCBF differences do not reflect the consequences of successful memory retrieval, but reflect instead the adoption of different retrieval strategies according to whether memory targets were Fig. 4 Cerebral regions showing blood flow increases in the memory task for low target density relative to zero target density (A), for high target density relative to zero target density (B) and/or high target density relative to low target density (C). For each contrast the corresponding control conditions were used as a covanate, and the between-task contrast illustrated in Fig. 2 was employed as a mask. All contrasts are shown thresholded at P < 0.001. present or absent. For example, in the face of repeated retrieval failure, subjects may have given up attempting to retrieve information in the zero density condition. This possibility seems unlikely, however, as the experimental design prevented subjects from identifying the different conditions at least until well into the critical part of each test sequence. Furthermore, such a strategy might be expected to carry over into the final part of the test sequence, when the old/new ratio reverted to 50:50, and to reveal itself by a lower hit rate in the zero density condition. There was no evidence of such an effect: the hit rates for the final five target items of the three types of memory test sequence averaged 88%, 100% and 83%, for the zero, low and high density conditions, respectively, and these values did not differ significantly from one another.
An alternative explanation for the non-linear relationship between increases in prefrontal rCBF and target density, compatible with the proposal that these increases are indeed a direct consequence of retrieval success, is that the rCBF increases elicited by each memory target persisted for several seconds. As rCBF was estimated by the accumulation of counts over a 30 s period, the longer the duration of each target-related activation, the smaller would be the difference in accumulated counts between the low and high density conditions. The findings from the ERP studies described previously show that differences in stimulus-locked neural The analysis was performed unmasked on the data from the three memory conditions alone, employing weights of 1, -0.25 and -0.75 for the zero, low and high density conditions, respectively. The contrast is thresholded at P < 0.001 uncorrected for multiple comparisons.
activity elicited by target and non-target items in recognition memory tasks can persist for at least 1.5 s. Because of the smearing effect of the haemodynamic time-constant, the duration of the corresponding differences in rCBF would be some three to four times longer (Friston et al., 1994) . Thus the ERP data give support to the proposal that the small differences that were found between the low and high density conditions reflect the persistence of each target-evoked rCBF response, rather than the insensitivity of the prefrontal cortex to target density. The comparison of high and low target conditions here corresponds to the one on which Kapur et al. (1995) based their conclusion that the prefrontal cortex is insensitive to retrieval success. Thus there is less conflict between that study and the present one than might appear at first glance, as the failure to find a difference between the low and high density conditions of that study is presumably attributable to the factors discussed in preceding paragraph. There is, however, a clear conflict between the present results and those of Nyberg et al. (1995) . Of the numerous procedural differences between the two studies, we suspect that the superior memory performance of the subjects in the present study is the most important reason why the two sets of results are so divergent (see Introduction).
The prefrontal cortex and post-retrieval processing
As was noted in the Introduction, lesions of prefrontal cortex give rise to relatively mild impairments on standard tests of memory, such as recognition and cued recall, but they are associated with more marked impairment on tasks where information about a specific event must not only be retrieved from memory, but must also be placed in its correct spatiotemporal context. This pattern of findings has led to the proposal that the prefrontal cortex supports processes that act to integrate retrieved information about an item with information about its encoding context (Squire et al., 1993; Knowlton and Squire, 1995 ; see also Moscovitch, 1992) . From this perspective, the insensitivity to prefrontal damage of many standard memory tests reflects the fact that performance on such tests, unlike that on, for example, tests of source memory or temporal order, does not depend on access to fully-formed representations of past events. For example, recognition judgements can be made accurately in the absence of detailed information about an item's study context (Johnson et al., 1993) . By contrast, source memory judgements cannot be made on the basis of item information alone; accurate source judgements also require the retrieval of the item's study context and the integration of the contextual information with that about the item.
Another view of the role of the prefrontal cortex in memory retrieval stresses the importance of prefrontal regions in monitoring the products of retrieval, and verifying that the retrieved information is relevant to current goals (Shallice, 1988) . By this view, as with the preceding one, memory deficits following prefrontal lesions can occur not only because of an impairment in retrieval per se, but also from the failure to process information generated by a succesful retrieval operation adequately. To be consistent with the neuropsychological evidence, it would be necessary to suppose (not implausibly) that some kinds of memory task, notably recency, temporal ordering and source memory, place heavier demands upon monitoring and verification operations than do others, such as recognition and cued recall.
The foregoing views of the role of the prefrontal cortex in memory (which are not mutually exclusive) share the idea that one of the functions of this region is to support processes that operate on the products of retrieval (henceforth 'postretrieval processing'). This idea provides an attractive framework in which to interpret the findings of the present study because it predicts that prefrontal activity will differ according to whether retrieval is successful; post-retrieval processing can proceed only if there is information to process. The present and previous findings converge to suggest that three prefrontal regions in particular are implicated in postretrieval processing: the right dorsolateral, right medial and bilateral frontopolar regions. Since the prefrontal cortex is highly differentiated anatomically, with each region having distinct patterns of interconnectivity, both with other prefrontal regions and with structures outside the frontal lobes (Petrides, 1994; Petrides and Pandya, 1994) , it is very unlikely that these three regions are functionally homogeneous. It will therefore be of interest to determine whether activation of these regions during memory retrieval can be experimentally dissociated.
Working memory and episodic retrieval
The present results can also be interpreted in the light of the findings from functional neuroimaging studies of working memory (for a review, see McCarthy, 1995) . These studies have consistently reported that working memory tasks (tasks in which a relatively small number of items must be actively maintained in memory for a limited time) are associated with activation of the dorsolateral prefrontal cortex (area 46) and, more variably, with activation of medial prefrontal and frontopolar regions. For example, Petrides et al. (1993ft) reported activation of dorsolateral prefrontal cortex bilaterally, and frontopolar cortex on the right, in a task that required subjects to monitor a series of spoken digits in order to identify the one that was missing from the series. In the same study, the authors found that a 'self-ordered' task (generating the digits between 1 and 10 in a random order without repetition) also activated bilateral dorsolateral prefrontal cortex, as well as medial cortex (in the vicinity of the anterior cingulate) on the left side. These and similar findings (Cohen et al., 1994; McCarthy et al, 1994; Schumacher at al., 1996) suggest that working memory tasks engage some of the same prefrontal functions that are also engaged during episodic retrieval. This congruence between the rCBF correlates of working memory and episodic retrieval led Petrides et al (1995) to propose that the activation of dorsolateral prefrontal cortex during episodic retrieval reflects its role 'in the on-line monitoring, within working memory, of the output from long-term memory . . .' (Petrides et al, 1995, p. 5806 ).
This proposal is consistent with both views of the role of the prefrontal cortex in post-retrieval processing outlined above. It is most obviously compatible with, and perhaps indistinguishable from, Shallice's (1988) proposal that the prefrontal cortex supports verification and monitoring operations on retrieved information. However, it is not difficult to conceive why the integration of item and contextual information into a coherent representation might also depend heavily upon working memory. For instance, if retrieval proceeds iteratively, such that information about an episode is retrieved piecemeal, a system permitting the products of retrieval to be temporarily stored and manipulated would seem to be essential.
While an account that proposes a link between postretrieval processing and working memory may go a considerable way towards explaining the present findings, it leaves one issue in particular outstanding: Why was activation of the dorsolateral prefrontal cortex confined to the right hemisphere? Right-sided activation of this region has been reported in some studies of working memory, but only for tasks employing non-verbal stimuli (e.g. Petrides et al, 1993a; McCarthy et al, 1994) . With verbal working memory tasks, activation of dorsolateral prefrontal cortex has been reported to be bilateral (e.g. Petrides et al, 1993ft; Cohen et al, 1994) or lateralized to the left hemisphere (e.g. Petrides et al, 1993a; Schumacher et al, 1996) . To the extent that verbal episodic retrieval engages verbal working memory, one would therefore expect a similar pattern of dorsolateral prefrontal activation in episodic memory tasks employing verbal stimuli, rather than the marked right-sided lateralization evident in both the present and previous studies.
Reductions in rCBF related to increasing target density
Two cortical regions, the left posterior cingulate and right ventral occipito-temporal cortex, showed reliable rCBF decreases as target density in the memory task increased. The decrease in posterior cingulate cortex was unexpected, and any suggestion about its functional significance can only be speculative. It is noteworthy, however, that in two previous studies, activation of the posterior cingulate was found during tasks that engaged memory encoding (Grasby et al, 1993a; Fletcher et al, 1995) . Although the loci of the activations found in these studies were inferior and posterior to the deactivation found here, their findings suggest a possible explanation of the present data. The higher rCBF in the posterior cingulate for the zero density condition may have been a reflection of the fact that new items were more likely to be subjected to memory encoding operations than were items that had recently been experienced (see Tulving et al, 1996) .
The deactivation of occipito-temporal cortex in the targetpresent conditions can be related to the findings of two studies of word-stem priming Schacter et al, 1996 ; see also Squire et al, 1992) . These studies reported right-lateralized deactivations in the vicinity of the fusiform gyrus when completions were made to word stems derived from previously studied items, relative to a control task in which stems could be completed only with unstudied words. These findings suggest that this cortical region is sensitive to whether a word has been primed by a recent presentation, and that one effect of priming is to reduce the perceptual processing required subsequently to identify the word . The present results, which indicate that activation of this region declines as the proportion of recently studied (and hence primed) words increases, fit comfortably with this proposal. Together with recent neuropsychological evidence (Gabrieli et al, 1995; Swick and Knight, 1995) , they converge with the previous neuroimaging studies to suggest that the right occipitotemporal cortex plays an important role in visual word priming.
Absence of hippocampal activation
Despite extensive evidence that the hippocampus and adjacent medial temporal cortex play a critical role in episodic memory (Squire, 1992) , neither the global comparison between the memory and control tasks, nor unmasked across-condition comparisons within the memory task (data not shown), revealed any sign of differential engagement of the hippocampal formation. These negative results are in keeping with the findings from several previous studies of recognition memory for words and sentences (Tulving et al, 1994; Andreasen et al, 1995; Kapur et al., 1995; Nyberg et al., 1995) , as well as from studies of the encoding and retrieval of paired associates (Fletcher et al., 1995) and of cued recall when modality or typecase changed between study and test . A number of other studies have, however, reported increases in hippocampal blood flow in memory tasks, relative to a variety of control conditions. The increases have tended to be lateralized to the right hippocampal formation, and the critical task has either required or encouraged memory for the visual attributes of test items Grady et al., 1995; Schacter et al., 1995; Schacter et al, 1996) . The right hippocampal activation observed in these studies may therefore reflect the role played by this structure in memory for visually coded information, a proposal consistent with neuropsychological evidence showing that long-term visual memory relies mainly upon the medial temporal lobe memory system of the right hemisphere (Smith, 1989) . As the same body of evidence demonstrates equally clearly that the left medial temporal lobe is pre-eminent for verbal memory, it is puzzling that PET studies have thus far had such little success in detecting activation of the left hippocampal formation during encoding or retrieval of words, relative to a range of baseline tasks. The reports of right-sided activation mean that it is very unlikely that this failure reflects a general insensitivity of blood-flow measures to task-related changes in hippocampal activity, as has sometimes been suggested (Fletcher et al, 1995) . Rather, it may be that the left hippocampal formation is more continuously active than that on the right, and therefore more difficult to activate differentially. If so, a rather different experimental strategy from the one employed here and in most previous studies may be required. One alternative approach that shows promise is to design studies so that performance indices can be correlated with measures of hippocampal rCBF (Grasby e/ al, 1993fc; Nyberg et al, 1996) .
Conclusions
The most important finding from this study is that, during recognition memory, several regions of the prefrontal cortex are sensitive to whether a test item elicits successful memory retrieval. This finding is consistent with the idea that the prefrontal cortex supports processes that operate selectively on the products of successful retrieval. It remains to be determined whether the different prefrontal regions identified in this study as sensitive to retrieval success belong to a functionally homogeneous circuit, or whether instead they make separate contributions to memory function.
